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ABSTRACT

This final technical report on holographic testing research includes a number
of specific investigations conducted at the Radar and Optics Division of Willow Run
Laboratories and at Cooley Electronics Laboratory of The University of Michigan.
A brief introductory section on holography and holographic interferometry and a
brief glossary of technical terms are included for the benefit of readers who are
not acquainted with this technique. The specific investigations described in this

report consist of the following:

(1) Holographic interferometry was used to detect small cracks in high-strength
steel structures by observing the response of the structures to differetial loading.
The results of these observations were compared with those of other, more stan-

dard inspection methods.

(2) Holographic inspection techniques for portable, hardwall construction panels
and for an aicrcraft trim tab were developed and applied. The results of the trim tab

inspection compared favorably with those of ultrasonic insj ection.

(3) Real-time holographic interferometry was used to observe initiation and
development of stress-corrosion cracking of Ti-6AL-4V in methanol. This tech-
nique has potentiai value as a laboratory tool for determining the susceptibility of

materials to this type of damage.

(4) Basic research was conducter: into various aspects of interferometry of
three -dimensional, transparent objects. The principal result of this work is a
method for determining three-dimensional, refractive-index fields from multidirec~

tional, holographic interferograms.

(5) A new, coherent optical technique was devised for mapping the amplitude of
a vibrating surface. It is more convenient in some respects than time-average holog-

raphy and is primarily useful at fairly large amplitudes.

(6) Much work was done on the development of optical-contouring techniques,
particularly of muitiple-frequency holographic contouring. Included in the discus-
sion of this work is a comparison of the applications of the various contouring tech-

niques available.

(7) A method was devised to measure the rms surface roughness of metals by
examining the way the surface scatters light. The use of holographic interferometry
allowed the examination of curved surfaces. Results are compared with profilometer

measurements.

(8) A series of experiments was carried out to evaluate the potential of holo-

graphic interferometry for inspection of shell casings and projectiles.
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' INVESTIGATION OF HOLOGRAPHIC TESTING TECHNIQUES
Final Report
27 November 1968 Through 28 July 1971
i l i . i ]
i INTRODUCTION
This is the final technical report on a study of holographic testing techniques which began
on 27 November 1968 and ended on 28 July 1971. The investigations reported herein were con-
ducted at the Radar and Optics DiViSion Willow Run -Laboratories, the Institute of Science and
Technology, and at the Cooley Electromcs Laboratory, both units of The University of Michigan.
This report discusses the major technical accomplishments during the entire contract period.
"'Thé accomplishments discussed fall into two' categories: (1) direct development of hologranhic
techniques for specific material-testing' applications; and (2) investigation and development of
holoéraphi’c tec‘miques’ which are of possible long-range applicability to material-evaluation
procedpres In addition Section 2 presents a brief introduction to basic optical holography and

holographic interferometry for those readers who may not be familiar with the subject.
{ 0
Holographic interferometry was found to have practical advantages. The technique was
i

I used for the detection| of microcracks in metals, which we have investigated and demonstrated
in several experiments. The test specimens were also studied by other existing NDT (nonde-

. structive testing) methods. and the results are compared. The use of holographic interferometry
for the detection of debonds in honeycomb, sandwich structures was investigated in two compo-
nents: portable, hardwall construction panels used by the Army, and an aircraft trim tub supplied

 tous by the Air‘Force;. The scheme developed for inspecting the construction panels was accu-
rate; a different scheme used to test the trim tab was more cumbersome butattained results
comparable to those attained by ultrasonic and radiographic techniques. Real-time holographic
interferometry was shown to have significant potential as a tool for monitoring stress-corrosion
cracking of metals. This potential could be developed as a rapid and convenient laboratory
method'for determining the susceptibility olf metals to stress-corrosion cracking, particularly

when the metal must be placed in special environments.

A new scheme for mapping the vibrational amplitude distribution of a vibrating surface was
developed and demonstrated. This variable -sensitivity technique is simpler to apply than the
nermal procedure of 'time-ai;erage,holography and in many instances operates satisfactorily in

 real time.

Anal‘ytical and experiméntal ifivestigations have been conducted to develop schemes for
determining the three-dimensional, refractive-index fields of transparent objects by holographic

i i
! :
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inlerferometry. This application would be useful for three-dimensional stress analysis and for
detection of nonhomogeneities. Schemes for obtaining multidirectional interferometric data of
high quality and for varying the sensitivity of holographic interferometry were developed and
demonstrated; also, significant progress was made in developing a scheme for analyzing multi-

directional interferometric data.

Considerable work in holographic contouring was conducted during this investigation. which
produced both basic developments and practical applications, with emphasis on multiple-frequency
holographic contouring. It is shown that a low-sensitivity interferometry scheme can be based on
holographic contouring. The features of several known optical-contouring techniques —both

holographic and non-holographic —are compared from a practical point of view.

A new holographic scheme was developed for optically measuring the rms surface roughness
of metals. Both analysis and experimentation are discussed, and experimental results are com-

pared with profilometer data.

Finally. we conducted experiments to determine the feasibility of detecting various flaws
in artillery shell casings and projectiles. Al‘hough this technique was not perfected, a number

of practical difficulties were overcome, thus facilitating future developments in this area.

This report presents and summarizes the primary technical achievements of this investi-
gation; however, some other portions of the work are not presented here. Appendix III contains
the tables of contents from all previous technical reports from this contract to enable the reader

to locate information regarding other aspects of the investij;ation if he so desires.

2
HOLOGRAPHY AND HOLOGRAPHIC INTERFEROMETRY
The report as a whole deals primurily with the application of holographic interferometry
to problems of nondestructive inspection of material specimens and components. This section
of the report is intended to serve as a brief introduction to the basic concepts of optical holog-
raphy and holographic interferometry for those who are not already familiar with the technique.
Appendix IV is a glossary of terms and their definitions to supplement this expla;: ttion of holog-

raphy.

2.1. HOLOGRAPHY

Optical holography is a method of recording and later reconstructing an optical wavefront.
The reconstructed wavefront duplicates the original with respect to both amplitude and phase
distribution. By a simple extension of the method, polarizction can also be recorded and repro-

duced upon reconstruction. Most of the applications discussed in this report are based on the
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fact that optical wavefronts can be reconstructed with such fidelity that they can be used to make

interferometric comparisons.

Holography was originally developed by Gabor [1] who sought a new principle to provide a
complete record of amplitude and phase distributions in a single recording (in contrast to con-
ventional techniques, such as photography, which record only intensity distributions). He devel-
oped the basic theory of holography in considerable detail and conducted optical experiments to
demonstrate its validity. His concept evolved from the fact that phase distributions could be
recorded as interference patterns by superimposing coherent background illumination onto the
wavefront of inierest. His theory [2] showed that, upon reconstruction, a twin image, identical
in amplitude to the recorded wavefront but with a phase distribution of opposite sign, was formed
in addition to the wavefront of interest. Gabor's technique has been directly applied to make
holograms of weakly scattering objects such as photographic transparencies, but it was limited

by the fact that the twin image cannot readily be removed from the reconstruction.

In 1962, E. N. Leith and J. Upatnieks [3] of The University of Michigan, drawing on an
analogy between Gabor's wavefront reconstruction technique and elementary communication
theory, demonstrated an extension of the technique in which the twin image could be readily re-
moved. The same authors [4] showed that their technique could be used to record and reconstruct
wavefronts of light scattered by three-dimensional diffuse objects. The development of the Leith-
Upatnieks' off-axis holography and of highly coherent laser light sources has lead to widespread
and continually expanding interest in and application of holography. All of the applications of
holography discussed in this report are based on the off-axis method.

The theory and practical realization of off-axis holography can be described with reference
to the optical arrangement depicted in Fig. 1. The beam emerging from the laser is divided by
a beam splitter. The portion reflected by the splitter is expanded by an objective lens system,
and extraneous diffraction patterns (noise) are filtered out by passing the beam through a small
pinhole aperture placed at the focus of the objective. This expanded and filtered beam, which is
referred to as the "'object beam,'’ is scattered by the test specimen toward the hologram. It
is this scattered wavefront which we wish to record. The portion ¢! the laser beam which is
transmitted by the splitter is expanded, filtered, and collimated, and also impinges on the holo-
gram. This portion is referred to as the ''reference beam.'' Physically, the hologram is a
plate of photographic film, and the holographic recording process consists of simply exposing

this film simultaneously to both the reference and the object beams.

The wavefronts of the monochromatic reference and object beams at the hologram plane

can be represented by

UR(x, y) = Up, exp (—iZn sin x) (1)
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and

I_Jg(x, y) = Ug(x, y) exp [-i¢(x, y)] (2)

respectively. ¢ is the angle of the reference wave with respect to the hologram plane. In these
expressions for the complex amplitudes, UR and UO’ the time dependence is ignored, since it

is of a constant temporal frequency; X is the wav%gth of the light, and ¢(x, y) describes the
phase distribution of the light scattered by the object. Here, UR is assumed to be constant.
Photographic emulsion responds to the intensity of the incident wavefront; hence, the intensity
distribution

I(x, y) = |UR + Uo|2 = |UR|2 + |U0|2 + UgUg* + URU, 3)

is recorded on the hologram when it is exposed simultaneously to the reference and object beams.
The film can be developed so that its amplitude transmittance, t(x, y) is linearly related to ex-

posure; thus

2 . .
t(x, y) = t, * 8 ['U_9| + URUO exp (i27ox) + EIRUO* exp (-12nax)] (4)
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where the constant "b is the transmittance bias, $8 is the slope of the transmittance-versus-

exposure curve of the film, and o = (sin 6)/X is the spatial frequency of the reference beam.

Reconstruction is accomplished by illuminating the developed hologram with the reference
beam UR' By definition of amplitude transmittance, the amplitude distribution just behind the

hologram is given by the product t-UR. This transmitted field consists of four components:

9 9 (5)
ﬁ = 3,U_RIU_Q| U_4.= BUR EQ* exp (-idrax)

The components U1 and U2 represent waves propagating in the general direction of UR' The
component U3 is of primary interest to us, since it is proportional to the original object wave
UO' This component is deflected by the hologram at such an angle that if one looks through
the hologram, a three-dimensional virtual image of the object will be seen to occupy the original
object position. The remaining component U 4 represents a real image, and this wave is seen

to propagate in a different direction than does U3. Thus, the removal of the twin image which
degraded the Gabor hologram is accomplished by the off-axis method developed by Leith and
Upatnieks. The key point is that the object wave Uo can be reconstructed in dr*~il in terms of

both amplitude and phase distribution.

Physically, a highly complicated interference pattern is recorded on the film plate when it
is exposed to the coherent object and reference waves. After it is developed, this film or holo-
gram acts as a diffraction grating. The above analysis shows that when this grating is illumi-
nated by the reference beam, the wavefront of the first diffracted order is a precise duplicate
of the original object wave. A slight extension of this method allows recording and reconstruction

of the polarization of the object wave as well as of its amplitude and phase [5, 6].

2.2. HOLOGRAPHIC INTERFEROMETRY

The principle underlying holographic interferometry is that the wavefront scattered by an
object can be reconstructed so precisely that it can be compared interferometrically with the
light actually emanating from the object, or with the reconstruction of another hologram of the
object. The use of off-axis holography as a tool for interferometry was devrloped independently
by several difierent researchers, among whom are Horman [7], Powell and Stetson [8], Haines
and Hildebrand [9], Burch [10], and Heflinger, Wuerker, and Brooks [11].

In most of the applications discussed in this report, holographic interferometry is used
to generate fringe patterns indicative of the displacement of diffusely refiecting surfaces in
response to some type of loading. For a discussion of these applications, it is convenient to

separate holographic interferometry into three categories: (1) two-exposure interferometry,
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(2) real-time interferometry, and (3) time-average holography. Each of these categories of
holographic interferometry is briefly discussed below, as is the related technique of holographic

contouring.

2.2.1. TWO-EXPOSURE INTERFEROMETRY

Consider again the experimental apparatus depicted schematically in Fig. 1. The film (holo-
gran) is exposed simultaneously by the reference wave, UR’ and by the object wave, U0 = Uo(x, y)
exp [ -i¢(x, y)]. Following the first exposure, the test specimen is displaced or distorted (e.g.,
by the application of a mechanical load); the wavefront scattered by the test specimen (object)
may be denoted by U’ = UO'(x, y) exp {-i[zb(x, y) + A¢lx, y)]} at the hologram plane. A second
exposure is then made on the same film plate while it is illuminated simultaneously by the
and by the perturbed object wave U_.'. Because of the linearity of the process,

R 0]
one can then consider two holograms —one of UO and one of UO'—to be recorded on the same

reference wave U

photographic plate. When this plate is properlﬁeveloped and illuminated by the reference wave
UR alone, both wavefronts are simultaneously reconstructed and interfere with each other.
Looking through the hologram, one views a realistic, three-dimensional image of the object over-
laid with a pattern of interferometric fringes. The fringes are indicative of the phase disturbance
A¢(x, y) caused by perturbing the object. This phase disturbance can be related to the field-of-

surface displacement of the object.

Haines and Hildebrand [9] and Aleksandrov and Bonch-Bruevich [12] were the first to work
on the problem of fringe interpretation in holographic interferometry of diffusely reflecting
objects. Recently, Sollid [13] has derived a general relation by which hologaphic interferometry
can determine small displacements. His analysis contains the results both of Haines and Hilde-
brand ar.d Aleksandrov and of Bonch-Bruevich, as well as those of Ennos [14], who considered
the special case of in-plane displacements. Tsuruta, et al. [15], Vienot, et al. [16], and others

have also contributed to the literature on fringe interpretation.

For our present purposes, we need not be concerned with the details of fringe analysis. It
may be noted, however, that the fringe at a point on the object is determined basically by the
displacement of that point in the direction of the bisector of the angle between the ray connecting
the light source to the point and the ray connecting the point to the observation position. For
most of the interferograms presented later in this report, the fringe is approximately the com-

ponent of displacement normal to the surface of the object.

2.2.2. REAL-TIME INTERFEROMETRY
Consider again the photographic plate in Fig. 1 to be exposed simultaneously by the reference
and object waves. If this hologram is developed, replaced precisely in its original position, and

illuminated by both the object and reference beams, one would view the actual and reconstructed
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objects simultaneously. If the object is then displaced or distorted, the actual and reconstructed
waves will interfere with each other, thereby providing information about the displacement or
distortion. This interferometry technique is equivalent to the two-exposure technique except

that experimental observations can be made in real time.

2.2.3. TIME-AVERAGE HOLOGRAPHY

Time-average holography is an interferometric technique for analysis of vibrating surfaces.
It may be thought of as a generalization of two-exposure holography to a continuous time expo-
sure of a vibrating surface. Suppose the test specimen in Fig. 1 is vibrating sinusoidally; a
hologram would be recorded by exposing the film to both the reference and object waves for a
time which is long in comparison to the period of vibration. If the resulting hologram is recon-
structed by illumination with the reference wave, an image would be produced of the test specimen

overlaid with interference fringes, which are indicative of the vibrational mode shape.

Powell and Stetson [8], who first developed this technique, analyzed the process by con-
sidering the effect on the hologram exposure of modulation of the object wave caused by the vib.a-
tion. Their analysis shows that the brightness of the reconstructed hologram is proportional to
JOZ[M(xo, yo)], where JO
depth M at a point (xo, yo) on the vibrating object is given by M = 4TTIA’ where A is the local

is the zero-order Bessel function of the first kind, and the modulation

amplitude of vibration. The fringes superimposed on the object, therefore, give a measure of
the local amplitude of vibration.

The essence of time-average holography can be understood on simple physical grounds. The
brightest areas on the hologram will be nodal areas, i.e., those parts of the object which do not
move during the recording of the hologram. The other portions of the object surface will spend
more time ... their positions of maximum deflection than at intermediate positions; hence, the
interference fringes on the reconstructed object essentially indicate the surface displacement

from one mavimum deflection to the other.

Stetson [17] has recently presented a rigorous treatment of holographic interferometry
including time-average holography. Biedermann and Molin [18] and Stetson and Powell [19] have
described real-time techniques for vibration analysis. Archbold and Ennos [20] have used a
stroboscopic technique for holographic interferometry which offers certain advantages over the

real-time methods of Biedermann and Molin or of Stetson and Powell.

2.2.4. HOLOGRAPHIC CONTOURING

Thus far we have discussed the use of holography to produce interferometric fringes when
the surface of an object is physically displaced or distorted. Holographic contouring is a tech-
nique for superimposing fringes of constant range or depth on the image of an object. These

fringes result from the interference between two holographic images which are optically dis-
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placed from each other. Holographic contouring was iirst accomplished by Hildebrand and
Haines [21], who described two contouring techniques. In the first, two consecutive holograms
of the object are recorded on the same photographic plate; the point source which illuminates
the object is physically displaced between exposures. In the second, two consecutive holograms
are recorded on the same photographic plate, the first in light of one wavelength and the second
in light of a different wavelength. Closely related to this latter technique is that reported by
Tsuruta et al. [22] and extended by Zelenka and Varner [23], in which the object to be contoured
is submerged in a fluid, the refractive index of which is changed between two consecutive holo-
gram exposures. In each of these techniques, reconstruction of the hologram produces an image
of the object overlaid with contour fringes, the precise interpretation of which depends on the

recording geometry and technique used.

3
DETECTION OF MICROCRACKS
A portion of the investigation reported in this section was sponsored by the Fort Worth
Division of General Dynamics. The remainder was conducted under the Advanced Research
Projects Agency (ARPA) contract.

3.1. INTRODUCTION

The objective of the research program reported here was to determine if holographic inter-
ferometry can be used to detect the existence of microcracks in metals. In particular, we
investigated the detection of small cracks induced in high-strength, aircraft, structural steel.
Various methods of producing the strain fields required for this technique were tried and evalu-
ated. The experimental results were compared with tests on the same specimen by other, well

established, nondestructive, crack-detection techniques.

3.2. EXPERIMENTAL APPARATUS

3.2.1. OPTICAL APPARATUS

The basic experimental apparatus is shown in Fig. 1. The beam of laser light is divided
by a beam splitter into a reference beam and a signal beam. Each of these beams is expanded
when it is passed through a pinhole assembly consisting of a microscope objective and a 15-um
pinhole spatial filter. A collimating lens is used to produce a plane reference wave, while the
test specimen is illuminated by the expanding signal beam. For our procedure, a 20-mW He-Ne
laser was used as a light source, and all holograms were recorded on Kodak 643F spectroscropic
plates. Since the experiment involved comparison of wavefronts separated in time, it was

obvious that mechanical stability of the entire system is of critica! importance. The optical
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paths had to remain constant within 1/4 wavelength, not only during exposure of the plate but
during the time interval between exposures as well. We met this requirement satisfactorily by
using rather massive components placed on a large granite slab. The entire system was mounted

on air-filled innertubes in order to isolate it from building vibrations.

3.2.2. SPECIMEN PREPARATION

A 5-in.-wide and 30-in.-long channel was fabricated of D6 ac steel. Two ribs extended from
the edges of the 0.69-in.-thick channel base. Each rib was approximately 0.13 in. thick and 1.23
in. wide. Six 5/16-in. holes were drilled into each rib and reamed with a tapered reamer. The
channel was heat-treated to 230 ksi (double-tempered tc 1025°F).

Controlled-length cracks were artifically introduced near some of the holes. To accomplish
this, a 0.03-in. notch was cut into the hole, and the area around it was burned with an arc from a
500-V capacitance discharge. A Taper-Lok bolt was then inserted and torqued to 50 in-1b. The
crack was initiated by a 6 normal solution of hydrochloric acid ccntained by a dam of vacuum
putty. We controlled crack length by increasing the torque while microscopically observing
the crack growth. After inducing stress-etch cracking, we used a tapered reamer to remove
the notched and burned area and to provide a final control on crack length. The specimen re-

ceived no cleaning or surface preparation.

Crack lengths and hole conditions were varied to provide defect-free reference holes as
well as holes with radial cracks of lengths ranging from C 01 in. to 0.44 in. Two holes which
had untempered martensite deposits were also included. The specific condition of each hole is
indicated in Table 1, which also gives the letters with which the holes were coded. The optical
investigators did not know the conditions of the holes at the time the tests were conducted.

3.3. EXPERIMENTAL PROCEDURE

With onc exception, the experiments were conducted by the double-exposure holographic
interferometry method. One hologram of the test specimen in some initial state was recorded.
The specimen was then stressed, and a second hologram was recorded on the same photographic
plate. When the resulting composite hologram was reconstructed, the resulting interference
pattern indicated the displacement field of the surface of the test specimen. In this investigation,
we were concerned with finding anomalies in the interference fringe pattern, which might indi-

cate the presence of microcracks.

During the course of the investigation, several schemes of thermal, vibratory, and static
mechanical loading were tried. Thermal stressing by electrical heating and coolins with liquid
nitrogen led to a number of practical difficulties (e.g., transient stress fields, lack of appro-
priate stress localization, and frost formation). ..n attempt to use time-averaged holographic
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TABLE 1. CONDITION OF HOLES AND COMPARATIVE EXPERIMENTAL RESULTS

Test Condition of Cracks/Anomalies Indicated by:

Hole Tested — Eddy

No. Hole Holography Magnafhix Current X-Ray
A 0.02-in. Crack Yes Yes Yes No
B No Defect No No Yes No
C 0.01-in. Cracks Yes Yes Not tested No

Untempered Martensite

D 0.03-in, Crack Yes Yes Not tested No
E Untempered Martensite Yes No Yes No
F 0.44-in. Crack Yes Yes Yes Yes
G 0.10-in. Crack Yes Yes Yes No
H No Defect No No Yes No
1 0.20-in. Crack Yes Yes Yes Yes
J 0.11-in, and 0.17-in. Cracks Yes Yes Yes No
K No Defect No No Yes No
L No Defect No o Yes No

interferomatry [8] while the specimen was excited to vibratory motion was also unsatisfactory;

the vibration was evidently too complex to make such a technique useful.

Several means of static loading were utilized during the investigation—e.g., placing the
member in flexure, clamping the flanges in various ways, and pushing on the hole from behind.
While all of these methods of loading produced interferometric fringe patterns, none of them
appeared to produce sufficient differential displacement in the vicinity of the crack to yield

observable fringe anomalies.

Differential torquing of tapered bolts, one of the simplest techniques attempted, produce.
the desired result. After a tapered bolt was drawn into the hole by application of an initial
torque on the bolt, the first recording was made on the hologram plate. Additional torque was
then applied to the bolt, and a second exposure was made. At least in the case of the longer
cracks, this procedure produced a striking anomaly in the fringe pattern in the vicinity of the
crack. This technique and the interpretation of the results are more fully discussed in the

following section. ,

3.4. EXPERIMENTAL RESULTS

The discussion of the experimental results will be confined to results of those experiments
ir. which the stressing of the test specimen was achieved by differential torquing of a tapered
bolt. Of all the methods attempted, this appeared to be the most practical.
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Figure 2 shows the fringe patterns produced by differential torquing of the tapered bolts.
The head of the bolt can be seen extending from the hole and casting a shadow on the specimen.
These photographs were produced without the aid of lenses by direct exposure of a sheet of film
to the real image. It should be noted that because of fringe localization effects, some of the
photographs lack the fringe clarity obtained when the hologram is viewed directly.

The changes in torquing of the bolts between exposures were on the order of 10 to 70 in.-1b.
although this is not of particular importance, since our interest was in anomalies in the fringe

pattern rather than in a quantitative correlation of loading and fringe pattern.

0.10-in.- to 0.44-in.-long cracks produced strikingand obvious anomalics inthe fringe pattern,
as cau be seen in Fig. 2, parts f, g, i, and j in comparison with parts b, h, k, and 1 of holes with
no defects. Fringe pattern anomalies produced by cracks a decade smaller in length, although
they are present, are not as obvious, as can be noted in parts a, ¢, and d of Fig. 2. Thus,
cracks of 0.10 in. or longer seem to be readily detectable by this method. All holes which con-
tained cracks on the order of 0.01 in. to 0.03 in. yielded fringe patterns which differed from
those around holes with no defect; however, the fringe patterns did not render the crack or its
location apparent. The holes shown in parts ¢ and e were known to contain deposits of untempered
martensite. The fringe patterns indicated are obviously different from those produced around
flawless holes, but this is not sufficient evidence upon which to base any conclusion regarding

the detection of such deposits.

Table 1 lists the specific condition of each hole and the conclusions drawn from the holo-
graphic tests. Also irdicated in this table are the results of other tests conducted by General
Dynamics on the same specimen by Magniflux, eddy-current, and x-ray techniques; further de-
tails are given in Ref. [24]. The eddy-current probe, although extremely sensitive, yielded false
signals—i.e., indicated cracks which did not exist. The table shows that the holographic tech-
nique compares favorably with the other methods.

3.5. CONCLUSIONS

The detection of cracks by holographic interferometry has been shown not only to be feasi-
ble, but to offer distinct advantages over existing techniques. No special cleaning or surface
preparation is required; paint, thin plating, dirt, or mild surface corrosion should have no effect
on the application of the method. In general, microscopic examination is not required. Also,
a permanant three-dimensional record of the test is obtained, which can be examined, even
microscopically, at a time or location other than when or where the test was conducted. In
addition, the method should also be applicable to nonmetallic materials and to materials which
have anisotropic properties. No stringent restriction is placed on the shape of the member
being tested.

1



WIL.OW RUN LABORATORIES

!

{ t OTREPIROD : .‘ {

i

{

P

(c) Area Surrouhding Hole C

(d) Aréa Surrounding Hole D

{FIGURE 2.. HOLOGRAPHIC INTE,RFEROGRAMS OF TEST SPECIMEN
i . ‘

i

-2



WILLOW RUN LABORATORIES

(é) Area Surrounding Hole G , (h) Area Surrounding Hole H

FIGURE 2. HOLOGRAPHIC INTERFEROGRAMS OF TEST SPECIMEN (Continued)
f ) ¢

0 i

13



WILLOW RUN LABORATORIES

(i) Area Surrounding Hole 1

/', (%Y \
\\ \_“\\\ ,~‘ " y
\\}\,\\- W\

I\

(k) Area Surrounding Hole K (1) Area Surrounding Hole L

FiGURE 2. HOLOGRAPHIC INTERFERCGRAMS OF TEST SPECIMEN (Concluded)

14



WILLOW RUN LABORATORIES

The method appears to be suitable for use in inspection of structures on an assembly-line
operation. Although rather stringent, mechanical stability requirements are inherent in the use
of optical holography, the technique may be made suitable for testing structures which are in
service. This expansion of the technique might be accomplished by rapid loading between pulsed-
laser holographic exposures, or by use of a reference beam which has been reflected by part
of the surface under inspection in order to reduce the fringes caused by extraneous motion.

This development would permit inspection of assembled structures when plating films and paints
could not be removed, when volatile cleaning solvents could not be used, or when direct, visual

examination could not be performed.

Detection of the small number of specimen holes which had deposits of untempered marten-
site does not justify a claim that optical holography can detect this coudilion reliably. The re-
sults do suggest a need for further study of the effect of local metallurgical differences on

interferometric patterns indicative of surface displacement.

The results of the interferometric inspection considered here are highly dependent on the
size, shape, and mechanical properties of the specimen, on the nature and size of the defect,
and on the method of application and magnitude of the load. It is therefore difficult to make
general statements regarding the applicability of the technique. Each specific application must

be considered to determine whether or not a viable test can be developed.

3.6. SUMMARY

It was found that holographic interferometry could be used to detect the presence of small
cracks in metallic structures. These cracks are detected by their effect on the surface dis-
placement of the specimen when it is subjected to some load. The accuracy with which radial
cracks extending frora bolt holes in a high-strength steel could be located was as great as by
any other inspection method. The holographic method has the advantage over other methods of
permitting inspection of relatively large areas without point-by-point probing. Also, no cleaning
or surface preparation of the material is required. It is generally difficult to determine in

advance whether the technique is applicable to a particular inspection application.

4
DETECTION OF DEBCNDS

4.1, INTRODUCTION

The detection of debonds in honeycomb panels has been one of the most successful applica~-
tions of holographic interferometry to nondestructive testing. It has been used in industrial as
well as laboratory testing (see, for example, Refs. 25 and 26). We have applied holographic

interferometry to the inspection of an aircraft trim tab and of portable, hardwall, construction

15
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panels. As in virtually all holographic nondestructive testing applications, these inspection pro-
cedures were based on the ability of holographic interferometry to display small deformations
of the object surface. A hologram of the test specimen in some initial configuration is recorded
on a photographic plate. The specimen is then subjected to a small load, and a second hologram
is recorded on the same photographic plate. When these two holograms are simultaneously
reconstructed, the viewer observes a realistic, three-dimensional image of the specimen over-
laid with interferometric fringes which are indicative of the surface displacement field. If there
is a debond between the core and skin, the surface displacement is locally perturbed; hence,

the presence of the debond is manifested as a local anomaly in the fringe pattern.

Since the experimental procedures used in testing the trim tab were significantly different
than those used in testing the cunstruction panels, these two applications will be discussed

separately below.

4.2. INSPECTION OF PORTABLE HARDWALL CONSTRUCTION PANELS
4.2.1. BACKGROUND

This section deals with the testing of honeycomb panels used by the Armed Forces as con-
struction materials to fabricate portable hardwall buildings, such as medical stations and kitchens.
After such panels have been in service for a period of time, large areas of the adhesive between
the aluminum skin and the paper core tend to rupture. This problem was Liought to our attention
by Mr. Morris Budnick of the Army Natick Laboratories.

It has been suggested that these large debonded areas may grow from smaller debonds that
are introduced during the manufacturing of the panel. These small debonded areas, which are
not large enough to affect the macroscopic mechanical properties of the panel just after manu-
facture, could serve as nucleation sites for subsequent development of larger debonds. This

section reviews the testing methods we have developed to locate small debonds in these panels.

4.2.2. EXPERIMENTAL PROCEDURE AND RESULTS

A typical experimental layout is shown in Fig. 3. A beam of laser light is divided into an
object beam and a reference beam which simultaneously strike the photographic plate to produce
the hologram. This system can be used for multiple-exposure interferometry or for real-time
interferometry. This application required recording holograms of large surface areas of the
panel. This requirement presented some difficulty, since the field size was severely limited
by the relatively short (25-cm) coherence length of our He-Ne laser. To alleviate this restriction,
we modified the laser by inserting a low-reflectivity mirror into its cavity, a technique developed
by G. D. Currie [27] of our laboratory, which greatly increases the coherence length. It differs
from other reported coherence extension techniques in that reduction of the total power output

is less than 107, while the coherence length is extended by an order of magnitude. Figure 4
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is a photograph of the modified laser. Alignment controls lur the mirror i. ‘e visible at the
front of the laser. By proper alignment of the mirror, a siugle mode can be : elected. Figure 5a
shows the spectrum of the laser prior to insertion of the mirror into the cavity, and Fig. 5b shows

the spectrum of the modified laser after the selection of a single mode.

The panels being tested are approximateiy 2-in. thick and have a honeycomb core of water-
migration-resistant paper and a light-guage alumiy»m skin. The honeycomb cells are filled with
a foam thermal insulation. Figure 6 shows a section of one of the panels. In preliminary tests,
an artificial bond defect was introduced by cutting into the paper core very close to the skin.

This defect is outlined with tape in the figures which follow.

Figure 7 shows reconstructions of multiple-exposure holograms produced by static loading.
The photographic plate was exposed three times instead of the usual two. It was first exposed
with a hemispherical probe pressing lightly against the front surface of the panel. The probe
was then pushed 0.001 in. further into the panel surface, and a second exposure was made.
Finally, the probe was moved 0.001 in. more into the panel surface, and the plate was exposed
a third time. This technique was first proposed by Burch and his colleagues [28]. The exposure
time was increased 109, for each successive exposure, as suggested by Biedermann [29], to

produce equally intense reconstructed images.

Basically, each exposure pair produces a separate interferogram; the first and second, the
second and third, and the first and third exposure pairs each produce a separate fringe pattern.
These three superimposed fringe patterns combine to form a moiré€ pattern. If the displacements
between exposures are all equal, all the fringe patterns have harmonically related fringe fre-
quencies. The moiré€ pattern produced by the interferometric fringes is the same as that pro-
duced by a double-exposure hologram made from only the first two exposures, except that low-
amplitude, high-frequency fringes fall between the broader fringes. If the displacements between
exposures are not equal, the resulting interferometric fringes do not beat together to form tigh-
visibility moiré€ fringes, as they do in the first case. The fringes tend to wash out and form
patterns with varying visibility. This technique can be used to detect nonlinear responses to
a deforming load by observation of the visibility of the resulting fringes. We used the above

technique to determine if it would facilitate identification of debonds.

Figure Ta shows a reconstruction of a triple-exposure hologram; the probe is about 1 in. to
the left of the defect. The moi: é fringe pattern is clear and has high visibility. There is some
change over the defect in the slopes of the fringes. This change is so sugit, however, that flaws
could not be detected reliably. Figure Tb shows a reconstruction a hologram made when the
probe is directly over the deferc; the defect is clearly indicated by 'ne circular fringes around
the probe. Over the remainder of the panel, the fringes are not nearly as distinct as those in

Fig. 7a; hence, the movements of this portion of the panel between the three exposures were

unequal.
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(a) Unmodified (b) Modified for Mode Selection

FIGURE 5. FREQUENCY SPECTRUM OF He-Ne LASER

FIGURE 6. HARDWALL PANEL WITH PAPER CORE AND ALUMINUM
SKIN

Although this technique and similar double-exposure and real-time methods were found to
work, they require point-by-point probing of the surface. To take advantage of the whole-field
nature of holographic interferometry, we next loaded the panels by applying a uniform vacuum
to their front surfaces, which were then observed through a viewing window. Figure 8 shows the
system used. A chamber was constructed of a circular aluminum ring with a 1/4-in.-thick glass

cover plate and an aperture of 7 in. An O-ring in the back of the aluminum ring sealed it to the
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honeycomb panel. With the use of this chamber, the pressure on the face of the panel could be
either increased or decreased between exposures. We found that a differential vacuum technique
achieved the best results because a vacuum tends to expand or open debonded areas rather than
to compress them. Also, it was easier to seal the glass cover plate to the panel. Using this
procedure, we placed the test cell against the panel, a 4-psi vacuum was introduced, and the
first holographic exposure was made. The vacuum was then decreased to 2-psi, and the holo-
gram was exposed a second time. The resulting interferometric fringes essentially represent
contour lines of the difference in the normal surface displacements between the two exposures.
A typical interferogram is shown in Fig. 9. The debonded area is characterized by an abrupt
increase in fringe frequency, which indicates that regions over debonded areas are less re-

strained and move further than a bonded area under the same load.

Obviously, when the pressure in the test region changes, the glass viewing port deforms
slightly. This introduces an extraneous fringe shift whi--h could be bothersome when the inter-
ferograms are interpreted. We have found, however, that the motion of the glass plate will
introduce only slight fringe distortion if the hologram does not record the specular reflections
from the glass. To obtain maximum sensitivity and to avoid the specular reflection zone, the

hologram should be placed in the location indicated in Fig. 3.

At first, it would appear that the viewing window could be made as large as necessary to
analyze an entire panel; however, the maximum displacement of a circular plate under uniform
pressure increases as the fourth power ot the diameter. Thus, if the diameter were doubled,
the fringe frequency would increase roughly by a factor of eight. The fringe anomalies, which
indicate debonds, would then become less obvious to the viewer. This effect can be seen in
Fig. 10. Figure 10a shows an interferogram with a 7-in.-diameter test window; the fringes over
the defective area, which is outlined in black, are noticeably distorted. An interferogram of the
same defect but with a 19-in. viewing window is shown in Fig. 10b; although the fringes are still
perturbed, the effect is not nearly as pronounced. If the defect were smaller, or in a region of
higher fringe frequency, the defect could conceivably be missed. This does not mean that large
panel areas cannot be tested simultaneously, but a series of smaller loading chambers should
be used. The technique of fringe control, recently developed by Champagne and Kersch [30, 31];
has greatly alleviated this difficulty.

The National Bureau of Standards provided us with panels which included intentionally
debonded areas of known location and size. Figure 11 shows three typical interferograms ob-
tained while these panels were tested. The square-shapud defects in Fig. 11 measure 2-in., 1-

1/2 in., and 3/4 in., respectively.

From these tests, it appears that the size and location of debonded areas over 1 in. in
diameter can be detected with virtually 1009, accuracy. Defects from 1/2 in. to 1-in. in diameter
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(a) Load Applied to Left of Defect {b) lL.oad Applied Over Defects

FIGURE 7. MULTIPLE-EXPOSURE FRINGE PATTERN NEAR DEBOND IN HONEYCOMB PANEL

FIGURE 8. VIEW OF EXPERIMENTAL FIGURE 9. INDICATION OF DEFECT IN
EQUIPMENT USED IN HONEYCOMB PANEL WITH THE USE OF THE VACUUM
PANEL TESTS TECHNIQUE

can be detected with good accuracy, and defects of 1/2 in. or smaller (which is the order of the
honeycomb cell size) appear to be about the lower limit of sensitivity with this particular system

and panel.

4.3. INSPECTION OF AN AIRCRAFT TRIM TAB

4.3.1. BACKGROUND
An investigation of the use of holographic interferometry to locate defects in an aircraft
trim tab of honeycomb construction was conducted. This work was carried out with the coopera-

tion of Lt. James W. Bohlen, Air Force Materials Laboratory (MAMN), Wright-Patterson Air
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NOT REPRODUCIBLE

(a) 7-in. Test Window (b) 19-in. Test Window

FIGURE 10. FRINGE ANOMALIES OVER DEFECT

Force Base, who made the aircraft component available to us. This investigation was important
because it offered an opportunity to apply holography to an actual structure in which debonds
are of concern and because we could later subject the aircraft component to a large variety of
testing techniques and ev~ tually destroy it in order to locate and measure the actual flaws for
comparison with the results of our tests. A quantitative comparison of the results of our hoio-

graphic investigation with other techniques is reported below.

4.3.2. EXPERIMENTAL PROCEDURE AND RESULTS

The basic layout of the experimentai equipment is shown in Fig. 12. This is an optical
system for carrying out real-time holographic interferometry. The object is an aircraft trim
tab, which is constructed by bonding a relatively thin metal skin onto an aluminum honeycomb

core. The surface of the part was not specially painted or prepared for these tests.

In order to detect faulty bonds betwezn the honeycomb core and the skin, the following pro-
cedure was used. A hologram of the test region was recorded in the usual way. With this
simple setup, we were able to record holograms of about a third of the surface of the component,
which was approximately 3 ft long. The plate was then developed in place. When the developed
holographic plate was illuminated by the reference beam, the first diffracted order emanating
from the hologram exactly reproduced the original wave pattern of the light scattered by the
test area of the trim tab. When the surface of the tab was distorted, the resulting new wavefront

combined with the holographically reconstructed one to form an interference pattern. The fringe
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(a) 2-in. Defect 4'0 (b) 11/2-in. Defect
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(c) 3/4-in. Defect

FIGURE 11. DEBONDED AREAS IN HARDWALL PANEL
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location and frequency in this pattern were related to the surface displacements of the test

region.

than 1 sec Since the thermal strain in the skin is related to the temperature varlatlons in the

structure, subsurface defects can be detected if they suff1c1ently perturb the temperature dis-

After the holographlc plaie was developed, the tab'was 1rrad1ated from behind with a 150-W.
infrared lamp. The heat from the lamp was conducted to the front skin of the elevator in less

tribution on or near the surface.

while the skin of the trim tab was transiently conducting heat in the lateral directions. During
this time, the pattern consisted of a growing set of approximately civcular fringes spreading
ra.dially from the center of the heated region. As a given fringe reached the vicinity of a defect,
it became locally wavy, sometimes forming a closed loop around the defective area. Figure 13
shows such an anomalous pattern near a large defect in a honeycomb panel used to check the

procedure prior to testing the elevator itself. Apparently, the outermost rlngs show tho approxi-

The fringe anomaliesi reésulting from the presence of defects were found to be most"apparent

mate outline of a debond.

in, Tables 2 and 3. The frlnge anomalles in thp phutOgraphs are not nearly s0 pronounced as they
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f‘igures 14; 15, and 16 show defects in the aircraft trim tab. Figure 14 shows defects 29-
and 30; Figure 15 shows defects 18, 19, 20, 21, '23 25, and 31; Figure 16 is the same as Figure
15 except that the defects are oytlined. The defects:are identified with numbers in Flg 17 and
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A

I
FICURE 13. LOCATION OF A DEBOND FIGURE 14. LOCATION OF DEFECTS
IN A HONEYCOMB PANEL . 29 AND 30

FIGURE 15.. LOCATION OF DEFECTS FIGURE 16. OUTLINE OF DEFECTS IN
iN A REGION; OF THE TRIM TAB i FIGURE 15

ap'peared when they .were viewed directly by the eye. Tables 2 and 3 and Figure 17a indicate
the position and size of the suspected defect:locations as determined by holographic interferom-

etry.
{
Lt. James W. Bohlen (MAMN) later supplied us with data which made possible an evaluation

of 'these expérimental results. These data and the evaluation are summarized here.

The trim tab was nondlestrﬁctiv'ely inspected by ultrasonic and radiographic techniques, as
well as 'by }{olographic interferometry. Following these inspections, the skin was peeled away
from thé honeycomb core, and the positions of core debonds were noted. Two Iarge intentional
defects had been manufactured into the trim tab: in addition, 22 unknown unintentional defects

were revealed when the skin was removed. The holographic technique located 20 of the 24 defects;

l {
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TABLE 2. POSTTION AND ESTIMATED SIZE OF SUSPECTED
DEFECTS (SIDE 1)

x Coordinate y Coordinate Approximate
to Center of to Center of Diameter to
Defect Defect Defect Nearest 0.25 in. Remarks
1 8.5 3.25 0.25 *
2 9.5 4.75 0.25 =
3 10.5 7.0 0.5 W
4 11.5 1.0 0.5
5 2.25 2.5 0.25
6 13.5 5.5 0.5
7 15.25 7.0 0.25 ~
8 15.5 6.25 0.25 W
9 16.25 4.5 0.25 W
10 16.0 1.0 1.0
11 16.25 3.0 0.25 w
12 16.50 3.25 0.25 o
13 17.75 5.5 0.50
14 17.75 6.75 0.50
15 19.0 6.5 0.25 W
16 19.5 5.25 0.25 w
17 20.0 2.25 1.0 Elliptical
18 21.5 1.25 1.0 Elliptical
19 22.0 3.5 0.25 *
20 22.75 2.75 0.25 *
21 23.0 1.0 0.25
22 24.5 1.0 0.50
23 23.75 4.25 0.50
24 25.0 3.75 0.75
25 24.0 4.5 0.25 *
26 26.5 4.5 0.75
27 27.15 2.75 0.75
28 29.0 3.5 1.5 Kidney-shaped
29 30.0 5.0 29 Elliptical
Max: 2.75
Min: 1.50
(Largest Defect)
30 32.25 4.5 0.50
31 22.5 0.25 0.75

*These defects were not as pronounced during the tests as the others. Without
past experience, it is impossible to determine whether these are debond defects,
defects in the honeycomb structure, defects in the skin material, or false indications.
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FIGURE 17. CODE FOR DEFECT LOCATIONS

TABLE 3. POSITION AND ESTIMATED SIZE OF SUSPECTED
DEFECTS (SIDE 2)

x Coordinate y Coordinate Approximate
to Center of to Center of Diameter to
Defect Defect Defect Nearest 0.25 in. Remarks
1 5.5 5.0 0.25 *
2 7.75 5.0 0.25 *
3 8.0 2.0 1.0 * %

*These defects were not as pronounced during the tests as the others.
Without past experience, it is impossible to determine whether these are
debond defects, detects in the honeycomb structure, defects in the skin
material, or false indications.

* This defect is opposite the largest defect on side 1 (i.e., defect 29);
this indication may be an image of 29 and not a defect.
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however, some false indications were also present in the holographic data. The overall effec-
tiveness of the holographic technique was comparable to that of the ultrasonic and radiographic
techniques which we also used. In a sense, the techniques were complementary; i.e., one tech-

nique found the defects missed by others and vice versa.

In Table 2, we indicated 31 suspected defects. Of these, 13 were reported as possible false
indications, since the corresponding fringe perturbati. 's were quite subtle. Figure 18 and
Table 4 permit comparison of our results with the actual location of suspected defects. Figure
18a shows the location of suspected defects as indicated by holographic interferometry. Figure

18b shows the location of the actual bond defects. The key to these figures is presented in Table 4.

The holographic technique of locating bond defects in an actual aircraft component appears
to give results comparable to those produced by ultrasonic and radiographic techniques. The
main problem arose in evaluation of the more subtle fringe perturbations which were initially
suspected of being false indications. Had these been ignored, 16 of the 24 defects would have
been correctly located and 4 false indications would have resulted. Of the 13 subtle perturbations
originally suspected of being false, 9 were in fact false. It is likely that if further investigations
were carried out and if equipment were designed for testing a particular component, the method

couid be enhanced to improve the certainty of defect detection.

4.4. SUMMARY

The use of holographic interferometry to detect areas nf debond in honeycomb sandwich
structures was investigated. Two sponsor-supplied specimens were tested: (1) aluminum-skin,
paper-core panels used in constructing portable hardwall structures, and (2) a composite-skin,
aluminum-core, aircraft trim tab. Different techniques were developed for these two applications.
The use of holographic interferometry was shown to provide clear and accurate indications of
debonds of areas greater than the cell size of the core in testing of the hardwall panels. The
slightly more difficult procedure for testing the trim tab produced indications of debond areas

with a certainty comparable to ultrasonic scanning methods.

5
MONITORING OF STRESS-CORROSION CRACKING
5.1. INTRODUCTICN
Many metals are susceptible to the formation and propagation of cracks when they are
vlaced in ceriain environments, even though they may be statically stressed below the yield
point. Holographic interferometry makes possible the early detection of such cracking processes
if they are manifested by alteration of the field-of-surface displacement of the test specimen.

The concept involved is similar to that of debond inspection and microcrack detection discussed
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FIGURE 18. BOND DEFECT LOCATIONS

TABLE 4. KEY TO FIGURE 18; LOCATION OF
SUSPECTED AND ACTUAL BOND DEFECTS

Total Number

Code Significance of This Type
a False indication of defect 4
b False indication of defect, but
originally suspected to be false 9
c Correct indication of defect, but
originally suspected to be false 4
1 Properly located defect 18
2 Properly located d=fect, but

misjudgment of size
3 Defect not located
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in previous sections. In this case, however, the observed surface displacement is directly
caused by the cracking process—no externally applied differential load is utilized. Real-time

holographic interferometry offers two particular advantages for this application:

(1) Its great sensitivity makes it possible to detect or possibly to predict cracking

without actual visual identification of a crack.

(2) Cracking can be continuously monitored without removing the specimen from a

special test environment for inspection.

Observation of stress-corrosion cracking by holographic interferometry was suggested by

R. Fitzpatrick of the Army Mechanics and Materials Research Center.

5.2. EXPERIMENTAL PROCEDURE AND RESULTS

As a prototype problem, we have observed stress-corrosion cracking of the titanium alloy
Ti-6AL-4V submerged in anhydrous methanol. This problem was chosen primarily because of
the rapidity of stress-corrosion cracking in this system. This alloy is also of current technical
importance for use in aircraft and missile components. A brief review of the technical literature

dealing with this cracking process is given in a previous report [32].

The optical arrangement for this experiment is shown in Fig. 19. As usual, the laser light
is divided by a beam splitter int ' an object beam and a reference beam which are then expanded
and filtered. A 20-mW He-Ne laser was used to record holograms on 649-F spectroscopic
plates. In situ processing was used in order to avoid the realignment problems associated with
removing the plate for development following the holographic exposures. The plates were
mounted in a glass enclosure which could be filled with photographic chemicals. This plate
holder (sometimes referced to as a liquid gate) was filled with water in which the plate was
submerged for 5 min prior to exposure; soaking the plate effectively sensitizes it and thereby
reduces the required exposure time by a factor of approximately 5. After the plate is developed,
the holder is again filled with water, and the hologram can be viewed immediately. This pro-

cedure avoids problems of emulsion distortion associated with drying.

The test specimen was a small (2-in. by 7/8-in.) flat, 0.10-in.-thick notched coupon of
titanium clloy. It was loaded in three-point bending in a simple fixture until the nominal stress
approached the yield stress. A hologram was recorded, and the specimen was observed by
real-time interferometry. If relaxation occurred, it was indicated by formation of interferometric

fringes. When this fringe pattern became stationary, relaxation was concluded, and the stress-

corrosion-cracking tests were begun.

The loaded specimen was placed into a glass tank which was then filled with anhydrous,
reagent-grade methanol and sezled to avoid water vapor contamination, which is known to suppress

the corrosion-cracking process. A hologram was then recorded and developed in place. When
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FIGURE 19. OPTICAL ARRANGEMENT FOR STRESS-CORROSION
STUDIES
the illuminated specimen and reconstructed hologram were viewed simultaneously, a fringe
pattern which changed with tirae was observed to be superimposed on the specimen. This pattern,
which was indicative of the stress-corrosion-cracking process, was photographed at various
times during the test. The tank and specimen, along with the in situ development plate holder

are shown in Fig. 20.

Figures 21 through 27 are photographs of fringe patterns taken at various times during the
test. The specimen was first nominally stressed to approximately the yield point. Holographic
interferometry was then used to check for stress relaxation before the specimen was subjected
to methanol. Figure 21 shows a typical interference pattern which indicates the surface dis-
placement produced as the specimen relaxes, i.e., that the entire surface is fairly uniformly
affected. This pattern should be contrasted with those discussed below. After this fringe pattern

ceased to change with time, the stress-corrosion-cracking test itself was begun.

Figures 22 through 26 show the fringe patterns observed at various stages of crack initiation
and propagation in a specimen (t = time). In this particular experiment, very little activity was
observed until several hours after the specimen was submerged in methanol. The hologram used
to produce these fringes was recorded 9 hr after the specimen was first exposed tn the methanol.
Figure 22 shows an early indication of stress-corrosion activity. Note that the deformation is

obviously initiated at the notch on the left side. This is presumably an early indication that
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(a) Test Specimen and Loading Fixture

NOT REPRODUCIBLE

(b) Real-Time Plate Holder and Specimen Tank

FIGURE 20. TEST EQUIPMENT
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stress ‘corrosion is occurring in that region of stress concentration. In other tests, this initiation

occurred near the other notch or simultaneously near both notches.

+ The next four figures show the progressive change in the fringe pattern as the stress-corro-
Iq . ) . q
sion-cracking process proceeds.! Only in the last two figures are cracks clearly visible to the
unaided' eye. It may also be noted that the fringes in these last figures were too fine to be readily

photographed with a simple camera.

In the experiment‘ described above, we were careful to separate the effects of stress relaxa-
tion and stress-corrosion cracking. If relaxation is not so great as to produce extremely fine
fringgs, this separation is not necessary, although it is clearly desirable. Figure 27 is a typical
fringLe pattern produced when the loaded specimen is immediately submerged in methanol before
stress relaxation occurs. This pattern is a clear indication of simultaneous stress relaxation
and stress-corrosion crack initliation. Note that in this figure, corrosion cracking appears to be

initiated near both notches. This specimen did, in fact, eventually crack on both sides.

No effort was made to evaluate precisel'y the surface displacements indicated by the fringe
patterns; they are considered as qualitative visualizations of the progress of stress-corrosion
cracking. Basicaily, howevér, the fringes are lines of constant surface displacement relative
tlo the surface cgnfiguration when the hologram was recorded. For the particular experiment

described above, each fringe represents a displacement of roughly 0.3 um.

5.3. CONCLUSIONS ' .
The results reported intheprevious section indicate that holographic interferometry canbe

used to monitor delayed cracking phenomena suchas stress-corrosion cracking. In a sense, the
variation of intelrferometric fringeé with time indicates the degree of stress-corrosion attackas a
function of time. 'II‘he probable region of crack initiation can be located before an observable
macroscopic crack appears. The method, therefore, may well prove to be useful in studying the

susceptibillity of materials to dela'yed cracking before actual failure of the material.

There are, however, certain limitations which should be noted. First, the mechanical
stability requirements inherent in real-time holographic interferometry discussed earlier must
be sa:tisfied. Second, the environment of the specimen must be transparent to laser light, so
that the object may be observed, and it must remain at constant temperature to avoid extraneous
‘f'k"mges. Finally, gross corrosion of the surface cannot occur. If it does, the optical correlation
between the hologram and the suiface w:ll be lost, and meaningful interferometric fringes will

not be produced."

5.4. SUMMARY
A technique was developed for real-t me monitoring of stress-corrosion cracking in labora-

tory specimens of materials. Because the method provides an indication of corrosion-cracking
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activity prior to formation of a visible crack, it can speed up tests for susceptibility of materials
to cracking. The method is not applicable when gross degradation of the surface occurs because

of corrosion or when the specimen must be placed in an opaque environment.

6
INTERFEROMETRY OF THREE-DIMENSIONAL TRANSFARENT OJJECTS

6.1. INTRODUCTION

Preceding sections have dealt with the application of holographic interferometry in which
the object surface i opaque and diffusely reflecting. Holographic interferometry can also be
used to study transparent objects and is therefore a potentially powerful tool for studying three-
dimensional strain fields in transparent models and for detecting nonhomogeneities and flaws in
glass and other transparent materials. The presc at understanding of holographic interferometry
and its application to the study of three-dimensional transparent objects is generally not as far
advanced as for diffusely reflecting objects. In this section, we report the development of a
number of basic techniques for the study of transparent objects which we hope will be of long-

range usefulness in material testing and stress-analysis applications.

6.2. BASIC EXPERIMENTAL CONFIGURATION

The basic apparatus used to record holograms of transparent objects (also referred to as
phase objects) is shown in Fig. 28. The laser light is divided into two beams which are then
individually expanded, filtered, and collimated. As previously described, the hologram is the
recorded interference pattern of these two beams as they intersect each other in the plane of a
photographic plate. The transparent object under study is placed in the test section as indicated
in Fig. 28. A hologram is then recorded on the same photographic plate after the object has been
stressed, heated, or displaced. When the developed hologram is exposed to the reference beam,
the wavefronts which emanated from the object in its initial state and from the object after it
had been perturbed will be reconstructed simultaneously and will interfere with each other. The
resulting interference pattern is indicative of phase differences introduced by the change in the

condition of the object between exposures.

There are four primary factors which lead to the phase changes indicated by the interference

pattern:

(1) Index of refraction variations caused by local compression or dilation in the object
(2) Distortion of the overall dimensions of the cbject
(3) Birefriugence effects (if polarizing elements are introduced into the optical system)

(4) Displacement of the entire object
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FIGURE 28. EXPERIMENTAL SETUP FOR TRANSPARENT OBJECTS

If the apparatus shown in Fig. 28 is used, the fringes will not be localized; i.e., they may

be viewed by placing a viewing screen, or photographic film, in the reconstructing object beam

at any arbitrary distance from the hologram. (Of course, appropriate focusing is required for
high clarity and resoluticn.) In the tests reported here, this system was modified by placing a
diffusing screen (ground or opal glass) between the co’limating lens and the test section. When

a holographic interferogram produced with such diffuse illumination is viewed, the fringes

appear to be localized at a certain position in space. Furthermore, this surface of localization
and the fringe pattern itself change as the viewing angle is varied. The reason for this is dis-
cussed furthe ' in Appendix I. It should be noted, however, that localization provides additional
information about three-dimensional structures which cannot be obtained by classical interfecrom-

etry.

The investigations reported below de=l only with interference caused by changes of refrac-
tive index. Birefringence effects are discussed briefly in » previous report [33]. More detailed
information regarding holograpiic photoelasticity for stress analysis may be found in Refs. [34]
through [39].

6.3. MULTIDIREC TIONAL ILLUMINATION

6.3.1. BACKGROUND
This informaticv about a transparent object, which is derived from a holographic interfero-

gram, is strongly dependent on the nature of the wavefront used to illuminate the cbject. Most
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vasearch to the present has dealt with either plane-wave illumination or diffuse illumination.

In plane-wave illumination, holographic interferometry is basically an analog of classical
interferometry such as that done with a Mach-Zehnder interferometer. The primary difference
is that holography allows comparison of the object at two different points in time. In addition,
the interfering wavefronts are recorded and can be reconstructed, at will, for examination and
processing by other techniques such as by the Schlieren method. It also has the practical advan-
tage of being a true, single-path interferometer; therefore, the effects of refraction, e.g., in

test section windows, within the system are minimized.

Diffuse illumination of transparent objects is used to take advantage of the three-dimensional
nature of holography. Specifically, an interferogram produced with diffuse illumination can be
viewed frem an arbitrary direction compatible with the aperture of the hologram. Although the
observed fringe field represents the integration of the refractive-index field over the entire
optical path, the ability to view the interferogram from an arbitrary direction along with the
phenomenon of fringe localization enable one to visualize the three-dirnensional field qualitatively.
Although such interferograms are pleasing to view, if one tries to photograph the fringes or to
resolve fine fringes, they prove to be rather unsatisfactory because of the problems associated
with fringe localization and laser speckle. The phenomenon of fringe localization is described
briefly in Appendix I, which demonstrates that when a diffusely illuminated transparent object
is perturbed, by mechanical loading, for example, the resulting holographic interferogram shows
the fringes to be localized in some surface in the vicinity of the object. As the viewing angle is

varied, both the fringe pattarn and the surface of fringe localization are observed to change.

In the general case of a large, unsymmetricnl, refractive-index distribution, the surface
of apparent fringe localization iay be quite complicated. The corresponding depth of field re-
quired to photograph the fringes necessitates the use of a small aperture in the viewing system.
Such an aperture, however, cuts off the high-spatial-frequency content of the object illumination,
thus producing laser speckle and reducing the signal-to-noise ratio. The use of a small aperture
is detrimental, since the visibility of the interferometric fringes rapidly decreases as the number

of fringes per unit of length approaches the number of speckles per unit of length.

The problem of fringe clarity has been considered in some detail by Tanner [40, 41]. Utilizing
Goldfischer's [42] model for laser speckle, he redefines fringe visibility in order to characterize
interferometric fringes in the presence of speckle. This dzfinition is applied to holographic inter-
ferometry with a diffuse light source, and optimum viewing aperture size is determined according
to a rather involved set of criteria. As an example, he shows that for a typical object with an
axial dimension of 10 cm, sufficient fringe clarity would be obtained only for optical path changes
not exceeding about 1 fringe/mm. In most applications, this degree of clarity would be unaccepta-

ble, since it limits the magnitude of change in relractive index which can be studied.
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The problem with laser speckle can be overcome if one is willing to view the interferogram
from a number of discrete viewing angles rather than from completely arbitrary directions. This
procedure is reasonable, since techniques for approximately determining three-dimensional,
refractive-index distrikutions will, no doubt, involve the use of fringe patterns obtained from a
finite number of viewing directions. Tanner [40f has suggested that the object be illuminated
by several plane waves originating from an array of point sources behind the collimating lens.

If one considers the lenses and spatial filters required to obtain point sources of sufficient quality,
this system is somewhat impractical, especially if one wishes tc construct a square array of

point sources. We propose a simple practical method for recording holographic interferograms
which can be viewed from several discrete directions. This method involves the plucement of

an appropriate phase grating in the object beam coupled with simple spatial fil'ering of the output.

6.3.2. EXPERIMENTAL METHOD AND RESULTS

The usual arrangement for recording a holographic interferogram of a transparent object
with diffuse illumination is shown in Fig. 29. In the technique which we propose, the diffusing
screen shown in Fig. 29 is replaced by a grating. In our experiments, the results of whirh are
discussed below, a sinusoidal phase grating of frequencyf and square aperture of dimension £
was used. When such a grating is illuminated by a plane wave of unit amplitude, the field imme-

diately to tne right of the grating is given by

u(x, y) = (rectiﬂ rect %) i JV(-IZB) exp (izm)f’x) (6)
V=-o

where m is the peak-to-peak phase delay, Ju is the Bessel function of the first kind of order v,
1;is the spatial frequency, and rect (x) is unity for |x| = 1/2 and zero otherwise. This expression
is derived in Ref. [43], p. 69. Hence, the energy of the incident wave is deflected into a number
of component plane waves propagating at angles of approximately ;en&h with respect to normal.

By adjustment of the parameters m and 5,, a grating can be designed to yield an appropriate

spectrum for a given application.

The hologram is recorded with the system shown in Fig. 30. If the double-exposure method
is used, we obtain the interferograin upon reconstructing the hologram by illuminating it with
the reference beam. As shown in Fig. 30, the output of the hologram is then Fourier-transform~d
Ly a spherical lens. W2 can then obtain the interference pattern for each discrete viewing angle
by sampling only the neighborhood of a single spectral component in the transform plane. The
corresponding portion of the reconstruction can then be imaged or processed in any desired
manner, and it has all the properties associated with an interferogram produced with a single,

collimated cbject beam.
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FIGURE 29. SYSTEM FOR INTERFEROMETRY WITH DIFFUSE
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FIGURE 30. SYSTEM FOR INTERFEROMETRY WITH DISCRETE
VIEWING ANGLES

To illustrate the application of this technique, we used, for simplicity and ease of reproduc-
ibility, the field of refractive-index change caused by the natural convection above a heated
horizontal wire immersed in water. The electrically heated wire was 0.25 mm in diameter and
7.3 cm long. We were able to resolve interferometric fringes of frequency greater than 20 lines/
mm, which allows us to observe considerably greater phase shifts than would be possible with

diffuse i)Jlumination.

Figure 31 shows three different interferograi s of essentially identical fields. The inter-
ference pattern in 31a was produced holographically with the use of a single, collimated object
beam. The pattern in 31b was produced by the use of a phase grating in the object beam; it is of
essentially the same quality as that in 31a except for some slight degradation traceable to
imperfections in the grating. The fringe pattern in 31c was produced with the use of a diffuser,
a plate of fine-structured opal glass, in the object beam. The aperture of the hologram was
carefully adjusted to optimize fringe clarity. Only about 5 lines/mm could be resolved. This

resolution is in essential agreement with Tanner's analysis [41].
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NOT REPRODUCIBLE

(a) Plane-Wave Illumination (b) Single Component of Grating
Illumination

(c) Diffuse Illumination

FIGURE 31. COMPARISON OF FRINGE CLARITY OBTAINED WITH VARIOUS
TYPES OF OBJECT ILLUMINATION
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Figure 32 shows two different views obtained from a single holographic interferogram pro-
duced with the use of the phase grating. This figure clearly indicates that the method is capab!?

of generating high-clarity fringe patterns for a variety of viewing angles.

We obtained the results of Fig. 32 by using a grating of frequency f= 50 lines/mm. This
grating frequency afforded an effective variation of viewing angle of about 10.8°, which we could
increase if we desired by increasing the grating frequency or by adjusting the peak-to-peak
phase delay to diffract more energyv into higher-order spatial components. We also carried out
experiments using crossed phase gratii.gs like those described by Leith and Upatnieks [44]. The
use of crossed phase gratings yields component plane waves equivalent to those derived from
a square array of point sources. The viewing angle could then be varied about both the vertical

and horizontal. axes.

6.3.3. CONCLUSIONS

We have demonstrated a p.actical technique for producing multidirectional holographic
interferograms which are free of laser speckle. The fringe patterns corresponding to each
discrete viewing direction are of a quality normally associated with interferograms produced
with a single, plane object wave. The use of structured wavefronts for object illumination may

prove to have other interesting applications in the field of holographic interferometry.

6.4. DETERMINATION OF THREE-DIMENSIONAL, REFRACTIVE-INDEX FIELDS

Classical interferometry has been limited to the study of two-dimensional (or axisymmetric)
phase objects. The increased information content of holographic interferograms recorded with
multidirectional illumination makes possible the approximate determination of three-dimensional,
refractive-index fields. A technique for determining such three-dimensional fields with inter-
ferometric data must be developed before holographic interferometry can be used to locate
accurately flaws or nonhomogeneities in transparent media. This section presents a technique
which we have developed for this purpose. The analysis and examples given here are of a

preliminary nature, but they seem to be a premising approach to this problem.

6.4.1. BACKGROUND

Although the determination of three-dimensional, refractive-index fields by holographic
interferometry is of potential importance in several technological applications, it has received
relatively little attention. Matulka and Collins {45] have recently accomnlished such a deter-

mination. The phase object in their experiments was a free air jet. Their analysis technique

is based on earlier work by Maldonado, Olson, and colleagues [46, 47, 48, 49] on plasma emissions.

The required inversion of the governing integral equation (which is discussed in the following
section) is achieved by expanding the unknown function (the refractive-index field) in a generalized
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‘ FIGURE 33. NOMENCLATURE AND COORDINATE SYSTEM ;
i i ,
JFourier series.' The coeff1c1ents of this rather complicated, two~dimensional expansion are

« ' determined by snbstltutlon of the series into the governing 1ntegra1 equatlon the nonhomogeneous
part of which is determmed from the interferometric data. This :1nvers1on technique was shown

" to be capable of generating quite acqurate results, although convergence was not always rapid

(1700 terms in the case of an axisymmetric distribution with a severe discontinuity). One practical
drawbagk is that, in the absence of symmetry, data must be obtained over a 180° range of v1ewlng i
angle in order to carry out the necessary orthogonallzatlon Another limitation, although a minor

one, is that the phase cbject under study must be represented in a circular region outside of ,

which 1t vanishes. i I g ‘ i
: li

'Rowley [50] derived an expression for the two-dlmensmnal Fourier transform of the unknown
refractwe index field in terms of interferometric ddta. A knowledge of the optlcal path of all
: rays passing through the object over a 180° range is required. If this method were applied on an
approximate basm with the use of discrete data, it would be found that’ ‘the transform is heavnly
! sarhpled near the origin and sparsely sampled away from it, which might make dlrect appllcatlon ' .
i of Rowley s method to experlmental data dlfflcult ' ( g . :
Berry and. Gibbs [51] independently used an approach similar to that.of Rowley for an analogous
ploblem in x-ray shadowgraph interpretation They carried the analysis furtner than Rowley by
formally takmg the 1nverse transform to obtain an explicit expression for the refractive-index
dlstrlbunon Thls expresslon, an lntegral has a rather troublesome smgularlty Tanner [52],

!




WILLOW RUN LABORATORIES

however, has presented an alternative form which avoids this difficulty; his method also requires
data ovér a 180° range, although he indicates that a smaller range will yield a good approximation
if the distribution is sufficiently elongated.

Pal ![53] hasg also derived the same result as Berry and Gibbs; however, he uses a scheme
for avoiding the singularity problem, which is much more cumbersome than that used by Tanner
[52]. Reference [53] also includes a discussion of a discrete-element technique in which the
phase object is considered to be divided into N grid elements, each of which has a constant
refractive index. The governing equation is replaced by a system of N simultaneous linear equa-
tions in N I{nknowns. ‘This technique was found to be extremely sensitive to factors such as
mesh size. Although little detail regarding this finite element approach is presented, it was
apparently';lot satisfactory. In the following section, we discuss a promising alternative to
these techniqpes.

. )

6.:4.2. ANALYSIS

Suppose that a holographic interferogram of a transparent object is recorded and that either
diffuse or multidirectional plane-wave illumination is used, as discussed above. An initial expo-
sure is regorded in the usual manner. The object is thien perturbed, and a second exposure is
recorded. 'The resulting interferogram can then be viewed from several different directions. In
;1 given viewing direction, the fringe pattern enables one to determine the difference in optical
path leng‘th of the rays passing through the object before and after it was perturbed. This differen-
tial optical path, dgnoted by ¢.l, where the subscript i identifies a particular ray, is given by

6. = jAn(x, ¥, 2)dS; (M

i
Si

'w"here: An is the change in refractive index between exposures and dSi is the differential distance
along the ray. The integral is evaluated along the path of the ray, which is assumed to be a
straight line. The' problem' then becomes one of inverting this integral equation to solve for An
wI}en the ¢i- are given. To accomplish this on an approximate basis, a particular plane. z = con-
stant, in the object is selected for study and is considered to be overlaid with a number of dis-

,crete pbints (see Fi'g. 33).. On the basis of sampling theory (see e.g., Ref. 43), we can represent
the unknown dis;tribution as |

i

, ' An(x, y) = i i An'[%(m), lst(n)]

@)
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where the An' are the values of An at the discrete points given by the coordinates l:% (m), %(ngl,
and 82 is the number of sampling points. The sinc function is defined by sinc x = (sin nx)/7nx.
Such a representation is exact if An has a two-dimensional Fourier .ransform of finite extent
(i.e., if it is band-limited) and if the sampling iatervals L/S are properly chosen. In our case,
although this condition is not met exactly. we should be able to give an accurate approximation

if the distribution does not contain severe discontinuities in magnitude or slope. When the series

(8) is substituted into the integral equation (7), it becomes

. -4 . -
An'(€m, £n) sinc (x 7 m) sinc (y r)dsi =9 (9)
Sim=l n=1

where £ = L/S is the grid spacing and m and n are integers. The 82 values of An' are now the
unknown discrete variable. For convenience, let
x'=x-fm y'=y={n (10)

Assuming that the order for summation and integration can be interchanged, we obtain

iZAn'(im, ln)j sinc (’%) sinc (-y]—)dsi = b (11)

m=1n=1 Si

The rays, which are assumed to be straight lines, can be represented by
y' = ax' +b' (12)

Equation (i1) then becomes

® 2.1/2

S S !
Z EAn'(lm, n) j sinc (—’i—) sinc [Q:la—l (ax'+b'£ldx' = % (13)
m=1n=

In this equation, the integral extends formally to infinity, although the actual domain of interest
is finite. By algebraic manipulation, this integral can be expressed is a simple convolution and

evaluated to yield

2 1/2 8 8 b’
(1 +a°) Z An'(4m, £n) sinc(—l)= ¢, for lal <1and |a] #0
)
m=1n=1
g 1/28 8 b’
(1+a“) ZZ An'(£m, £n) sinc <a_f)= ¢, for1< lalo
m=1n=1

(equation continued)
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S ()
An'(¢m, €n) sinc (—al-) = ¢, for lal = o
m=1n=1
S S b'
An'(fm, ¢n) sinc|{7 | =¢. for lal =0 14
{ i (14)
m=1n=1

In the equation for the case of |[a| = «, the equation of the ray is x' = ¢ The values of the
optical paths, 4>i, for a number, Sz, of rays could be obtained from holographic interferograms.
Equation (14) would then give a set of S2 simultaneous algebraic equations in §° unknowns, which
could be solved for the values of n'. The series (14) would then represent the refractive-index
field throughout the object plane under study.

Our method has been found to yield substantial improvement over the discrete-element tech-
nique; however, the error was still judged to be too great, basically because the set of algebraic
equations tends to be ill-conditioned, particularly when the range of viewing angle is less than
180°.

In order to alleviate the problems associated with the ill-conditioned equations, we applied
some recently developed numerical techniques. Although the details of these techniques are not
important to the present discussion, the basic approach should be noted. An overdetermined
system of equations was generated; i.e., the number of equations formed was much greater than
the number of unknowns. In general, these equations are inconsistent as well as overdetermined.

These equations were treated by the method of least squares; i.e., the square of the residuals
was minimized. The algorithm used is based on Golub's method [54], which utilizes Householder

reflections and was developed by C. B. Moler of The University of Michigan. This approach not
only leads to greatly improved accuracy but also makes the recording o! appropriate experimental
data much more convenient. In the following section, typical results of both computer simulations

and actual experimentation are presented.

6.4.3. EXPERIMENTAL AND COMPUTER SIMULATION RESULTS
In order to study the technique discussed above, we chose as a hypothetical, differential,
refractive-index distribution a displaced Gaussian function

-y 2 y - “y 2
Anfx, y)=a exp-(x z, > - ( Ay ) (15)

within a unit square and zero outside it. The optical path lengths for various rays were deter-

mined by numerical evaluation of the integral for (7) for the distribution (15). These values of
¢, were treated as if they were interferometric data, and a set of equations of the form (14) were
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generated. These were solved with the least squzres method to obtain an approximation to An(x, y).
By comparing this approximation to the actual distribution, we could evaluate the error in the
method. Figure 34a is a computer plot of the actual distribution for My = “y = 0.29, Ax = Ay =
0.29. The square region under study was broken into 36 elements, and 102 rays were used
in the analysis. Figure 34b is a plot of the approximate solution for An(x, y). The actual and
computed distributions are also compared in Table 5. The percentage of error in this table is

defined by

An, ctual ~ ®"calculated (16)

€~ An . - An_. .
maximum minimum

These results should be considered to be preliminary and not necessarily indicative of the
accuracy which will ultimately be attainable with this method. The distribution (15) actually
gives a rather severe test for the method. It is completely asymmetric, has discontinuities,
and is nonzero at the boundaries. In addition, we limited the total angle of view to 154° rather
than use a full-field vi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>